Photonic crystals are multidimensional periodic gratings, in which the light propagation is dominated by Bragg diffraction that appears to be refraction at the flat surfaces of the crystals. The refraction angle from positive to negative, perfectly or only partially obeying Snell's law, can be tailored based on photonic band theory. Negative refraction enables novel prism, collimation, and lens effects. Because photonic crystals usually consist of two transparent media, these effects occur at absorption-free frequencies, affording significant design flexibility for free-space optics. The photoniccrystal slab, a high-index membrane with a two-dimensional airhole array, must be carefully designed to avoid unwanted reflection and diffraction. Light focusing based on negative refraction forms a parallel image of a light source, facilitating optical couplers and condenser lenses for wavelength demultiplexing. A compact wavelength demultiplexer can be designed by combining the prism and lens effects.
Introduction
Metamaterials consisting of metal/ dielectric composites have attracted much attention recently because they can produce negative refraction of light and related optical phenomena. However, their narrow bandwidths, due to the required electromagnetic resonance and large absorption losses in the metal, limit applications for light waves. Negative refraction also occurs in photonic crystals, by a mechanism completely different from that of metal/dielectric metamaterials. They exhibit a photonic bandgap, that is, a forbidden frequency band for optical modes that can be used for omnidirectional reflectors in cavities and waveguides. Considering such structures instead to be a kind of diffraction grating, their multidimensionality should also allow them to exhibit unique characteristics at frequencies outside the bandgap, such as negative refraction. Because photonic crystals consist of pure dielectric composites, light propagation occurs without absorption losses.
The diffraction characteristics of photonic crystals have been investigated since the 1980s. 1 In the late 1990s, diffraction characteristics that appeared to be negative refraction were explained in terms of the dispersion surfaces of photonic bands. Prism, lens, and collimation effects based on refraction were predicted. [2] [3] [4] Then, some groups discussed device applications for spectrometers, dispersion compensators, beam scanners, polarizers, sensors, and so on. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, compelling experimental demonstrations were limited by the following three issues: (1) fabrication of photonic crystals suitable for negative refraction, (2) suppression of unwanted surface reflection and diffraction, and (3) observation of light propagation inside and outside the photonic crystals. The first issue was solved by the use of a photonic-crystal slab simply fabricated, for example, on a silicon-oninsulator (SOI) wafer. Light is confined in the slab by total internal reflection and is affected by the photonic-crystal effect in the plane. In this article, we review the fundamental theory and some experimental demonstrations of negative refraction in a photonic-crystal slab, showing how the other issues have been resolved. We focus on the prism and lens effects of negative refraction and present their application in a compact wavelength demultiplexer.
Theory and Design
A photonic band diagram consists of a plot of the eigenfrequency ω (or its normalized form ωa/2πc, where a is the lattice constant of the photonic crystal and c is the speed of light) as a function of the wave vector k. The dispersion surface displays equifrequency contours of each band in the Brillouin zone. 2, 9 Figure 1 schematically shows light propagation and the corresponding dispersion surfaces in a two-dimensional photonic crystal. Unique shape contours of the higher order bands arise from zone folding into the first Brillouin zone.
According to optical theory, the group velocity of light is proportional to the band slope dω/dk. Therefore, the gradient of the dispersion surface indicates the orientation of the Poynting vector S in the photonic crystal. A particular wave on the dispersion surface can be excited from outside the photonic crystal so that the energy and momentum conservation laws are satisfied at the photonic-crystal surface. The S vector exhibits negative refraction for the dispersion surface of a higher order band, which is folded into the first Brillouin zone and has a slope toward the zone center. When the contour shows a sharp shape, S becomes sensitive to the wavelength λ and incidence angle θ in of light (prism effect). Conversely, when the contour is flat, S becomes insensitive to λ and θ in (collimation effect). For an inwardly curving contour, S shows directions of focusing (lens effect). One could define a negative refractive index for these effects from Snell's law. Such an index is mainly useful when the negative refraction uniformly occurs for all values of θ in . Such a condition appears on the circular contours near the zone center, 4 but it is always inside the light cone in the photonic-crystal slab, for which light is radiated into out-of-plane directions.
When simulating negative refraction using, for example, the finite-difference time-domain method, one would notice that light does not easily enter the photonic crystal because of surface reflection and diffraction losses. This is not serious when a low-index medium such as air is outside the photonic crystal and the photonic crystal itself has a low effective index, for example, if it consists of narrow pillars. Many theoretical studies have therefore assumed such conditions.
In experiments, it is difficult to employ a narrow pillar structure because of large radiation losses for out-of-plane directions. The two-dimensional optical confinement is achieved by a combination of a high-index slab and the photonic-crystal slab, but it is subject to large surface losses (typically >10 dB) that perturb the negative refraction (Figure 2a ). This is caused by the modal mismatch between the incident wave and the target Bloch wave in the photonic crystal.
To excite the target wave efficiently, studies have focused on two types of interfacial structures that employ adiabatic tuning 20, 22 or local tuning 16, 20, 21 of the structural parameters. Adiabatic tuning is not very effective because the frequency contour changes discontinuously at the photonic bandgaps. In addition, the adiabatic structure can become longer than the photonic crystal itself, which is undesirable for compact photonic devices and circuits. Regarding local tuning, some deformed shapes of the airholes on the photonic-crystal surface are effective. Simulation results presented in Figures 2b and 2c assume optimum airhole shapes and demonstrate low-loss prism and lens effects for a nearly collimated Gaussian beam and a diverging Gaussian beam, respectively. 16 
Experiments
The prism effect is expected to achieve a high angular dispersion suitable for use in a high-resolution spectrometer. 2 However, the quality of the light beam is usually degraded when a target point on the dispersion surface shows an extremely large dispersion. Therefore, the point must be carefully selected to balance the beam quality and the angular dispersion. 9 For observation of the prism effect, the photonic crystal with the interface is integrated with a Si photonic wire waveguide on an SOI substrate (Figure 3a) . Laser light is coupled to the waveguide and then incident on the photonic crystal with an optimum value of θ in . When the wavelength λ satisfies the light-cone condition, negative refraction is observed from above the photonic crystal using an infrared camera (Figure 3b) . 19 Although such images disappear for longer wavelengths outside the light cone, negative refraction is also confirmed by light scattering at the end of the photonic crystal. Figure 3c shows an example of the angular dispersion. The refraction angle varies from 46°to 61° for a 60-nm variation in wavelength.
Similarly to the prism effect, the lens effect is observed in a photonic-crystal slab, as shown in Figure 4 . 17 Light is output from the waveguide with θ in = 0° and incident on the photonic crystal with the interface. The divergence angle of the light beam ( ⎪ ∆θ in⎪ < 7°in this case) is controlled by a waveguide taper. The ray tracing obtained from a contour curve indicates the light focusing by negative refraction and the focal spot degraded by spherical aberrations. Similar light focusing is observed experimentally with the lens effect for the lightcone condition with a strong intensity at the focal point. Unlike the ray tracing assuming a point light source, the focal spot in the experiment should be limited by the modal width of the source, as the lens effect forms a real image of objects. However, the observed spot width (2.2 µm = 4.7a = 1.6λ) is rather close to that in the ray tracing, suggesting that the spot is dominated by aberrations. A parabolic equifrequency contour would eliminate the aberration, whereas actual contours do not necessarily have such an ideal shape. To suppress the net aberration, a composite lens, in which the standard photonic crystal (designated PC) is cascaded to a second photonic crystal (designated PC′) having opposite aberration characteristics, is effective. 23 The ray tracing for the composite lens shows a narrower spot beyond the diffraction limit. The spot width in the experiment (1.4 µm = 3.0a = 1.1λ) indicates that the aberration is reduced by a factor of three by the composite lens.
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When a photonic crystal has parallel surfaces, light diverging beyond the focal point is refocused outside the photonic crystal. 23 In other words, the image of the light source is transferred to the far side of the photonic crystal. When the length of the photonic crystal is twice the focal length, so that the focal point is located at the center of the photonic crystal, focusing inside the photonic crystal and refocusing outside the photonic crystal are observed through the light cone (Figure 5a) .
The formation of a real image is another unusual characteristic of the lens effect. 4 Unlike the case of a positive-index lens, images of multiple objects are formed at symmetric positions with respect to the lens. The object-image distance is proportional to the object-lens distance. Figure 5b shows the image of each branch formed at a symmetrical position inside the photonic crystal, when the input waveguide is divided into multiple branches. 23 By using a large angular dispersion in the photonic-crystal prism having parallel surfaces as a diffraction grating and parallel focusing in the photonic-crystal lens as a condenser lens, a compact wavelength demultiplexer can be formed ( Figure  6 ). 16, 19 Its fundamental design is different from that of conventional demultiplexers because the components utilize the negative refraction of the S vector, not of the k vector. The waveguide and lens are tilted by an angle of θ in relative to the prism. Light from the waveguide is incident on the prism. Different wavelengths are spatially separated in the prism, output in parallel, and normally incident at different positions on the lens. Focused light in the lens is coupled to output waveguides. A channel spacing of 11 nm has been demonstrated for a small device of 80 × 100 µm 2 footprint. 19 The spacing can be narrowed by enlarging the prism; a spacing of 0.4 nm is expected for a device size of 1 mm 2 .
Summary
Negative refraction of light in a photoniccrystal slab can be designed and observed when the surface of the photonic crystal is optimized. The prism effect shows a large angular dispersion, usable for diffraction gratings. The lens effect allows image transfer and real image formation. Superfocusing and cloaking, similar to those in metamaterials but free from absorption losses, are remaining issues to be further investigated. Such novel light propagation could be realized by the synthesis of certain photonic crystals and dispersion surfaces. 
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